HD (Huntington's disease) is a late onset heritable neurodegenerative disorder that is characterized by neuronal dysfunction and death, particularly in the cerebral cortex and medium spiny neurons of the striatum. This is followed by progressive chorea, dementia and emotional dysfunction, eventually resulting in death. HD is caused by an expanded CAG repeat in the first exon of the HD gene that results in an abnormally elongated polyQ (polyglutamine) tract in its protein product, Htt (Huntingtin). Wild-type Htt is largely cytoplasmic; however, in HD, proteolytic N-terminal fragments of Htt form insoluble deposits in both the cytoplasm and nucleus, provoking the idea that mutHtt (mutant Htt) causes transcriptional dysfunction. While a number of specific transcription factors and co-factors have been proposed as mediators of mutHtt toxicity, the causal relationship between these Htt/transcription factor interactions and HD pathology remains unknown. Previous work has highlighted REST [RE1 (repressor element 1)-silencing transcription factor] as one such transcription factor. REST is a master regulator of neuronal genes, repressing their expression. Many of its direct target genes are known or suspected to have a role in HD pathogenesis, including BDNF (brain-derived neurotrophic factor). Recent evidence has also shown that REST regulates transcription of regulatory miRNAs (microRNAs), many of which are known to regulate neuronal gene expression and are dysregulated in HD. Thus repression of miRNAs constitutes a second, indirect mechanism by which REST can alter the neuronal transcriptome in HD. We will describe the evidence that disruption to the REST regulon brought about by a loss of interaction between REST and mutHtt may be a key contributory factor in the widespread dysregulation of gene expression in HD.
Transcriptional dysregulation of coding and non-coding genes in cellular models of Huntington's disease Introduction
The Htt (Huntingtin) gene was first identified in 1993 by the efforts of the Huntington's Disease Collaborative Research Group, where an abnormally long and unstable CAG repeat (CAG) n was identified in HD (Huntington's disease) patients [1] . Of those HD patients, most had between (CAG) 42 and (CAG) 66 compared with less than (CAG) 35 in unaffected populations (some HD individuals had many more than 66 repeats). The expanded CAG repeats lead to an elongated glutamine tract [polyQ (polyglutamine)] in the N-terminus of the Htt protein. Expansion of trinucleotide repeat sequences such as (CAG) n was already known in several other genetic disorders including an expanded CTG repeat in myotonic dystrophy and CGG repeat in fragile X syndrome. However, sequence analysis of the large 348 kDa ubiquitously expressed Htt protein gave few clues to its function since it had little Key words: brain-derived neurotrophic factor (BDNF), Huntingtin, Huntington's disease (HD), microRNA (miRNA), neuronal dysfunction, repressor element 1-silencing transcription factor (REST). Abbreviations used: BDNF, brain-derived neurotrophic factor; ChIP, chromatin immunoprecipitation; GOF, gain-of-function; HD, Huntington's disease; HDAC, histone deacetylase; Htt, Huntingtin; LOF, loss-of-function; miRNA, microRNA; mutHtt, mutant Htt; polyQ, polyglutamine; RE1, repressor element 1; REST, RE1-silencing transcription factor. 1 To whom correspondence should be addressed (email angela.bithell@kcl.ac.uk).
homology to any known proteins. However, though our current understanding of its functions is far from complete, the work of several groups has begun to identify the role of both Htt and mutHtt (mutant Htt).
Since HD is a dominant disorder, it is predicted that the mutHtt results in a GOF (gain-of-function) mechanism that ultimately results in neuronal death. Indeed there is a body of evidence for a conversion of Htt from neuroprotective to neurotoxic in HD [2] . By way of example, there is an inverse correlation between age of onset in HD and length of the polyQ tract whereby more CAG repeats are associated with an earlier disease onset, suggesting that mutHtt toxicity underlies disease pathology [3, 4] . However, in addition to this GOF for mutHtt, it is likely that LOF (loss-of-function) of wild-type Htt also contributes to HD. In particular, evidence from both HD patients and animal models of HD show widespread changes in gene expression in neuronal [5] [6] [7] [8] [9] [10] [11] and non-neuronal cells [10, 12] . Here, disruption to the normal interaction of Htt with factors that control gene expression might affect cell survival or functionality, as has been suggested for BDNF (brain-derived neurotrophic factor) [10, 13, 14] .
Htt is known to interact with a number of transcriptional regulators including Sp1 (specificity protein 1) and TAFII130 (TATA-box-binding protein-associated factor II, 130 kDa) [15, 16] , CREB (cAMP-response-element-binding protein) and p53 [17] and REST [RE1 (repressor element 1)-silencing transcription factor]/NRSF (neuron-restrictive silencing factor) [13] . The interaction of Htt with the last of these transcriptional regulators, REST, constitutes an intriguing mechanism of gene regulation which, when disrupted in HD, could explain many of the underlying causes of neuronal dysfunction. Work by several groups including our own has revealed changes in the expression of many genes associated with HD that are direct targets of REST repression. More recently, a number of studies have shown dysregulation of gene expression in HD by changes to miRNA (microRNA) expression, thus additionally affecting post-transcriptional gene regulation [18, 19] . Again, many of these miRNAs are REST targets, adding a second layer of complexity to Htt/REST-mediated control of neuronal gene expression subsequently affected in HD [18, 20] . In this review, we will briefly discuss the role of REST and Htt in HD, including dysregulation of REST targets (both coding and non-coding), the interaction between REST and Htt, and how the presence of mutHtt and the consequent aberrant interactions of REST with its target genes might result in changes to the neuronal transcriptome that contribute to HD pathology.
REST
REST is a transcriptional repressor that acts as a master regulator of neuronal genes in both neural [21, 22] and nonneural cells [23] and to a lesser extent regulates non-neuronal genes [10, 24] often in a highly cell-context-dependent manner [25] . In addition, despite its most well-known role in repressing neuronal genes in non-neuronal cells, REST mRNA expression is retained in populations of mature neurons.
REST protein is comprised of a zinc-finger DNAbinding domain and N-and C-terminal repressor domains ( Figure 1 ) that are important for its repressor functions (see [26] for review). REST is recruited via its DNA-binding domain to a 21 bp cis-regulatory motif known as the RE1 [27, 28] . It should be noted, however, that this represents the canonical RE1 element and subsequent genome-wide ChIP (chromatin immunoprecipitation) experiments have revealed non-canonical binding sites, most commonly those with alternative spacers [24] . The N-terminal domain of REST then serves to recruit the co-repressor Sin3A together with HDACs (histone deacetylases) such as HDAC1 and HDAC2 able to repress gene expression by removal of acetyl groups on core histones including Lys 9 of histone H3 (H3K9Ac) (Figure 1) . Meanwhile, the C-terminal domain can recruit a variety of factors including CoREST, the histone demethylase LSD1 (removes methyl groups from monoand di-methylated H3K4), the histone methyltransferase G9a (methylates H3K9) and chromatin remodelling factors such as BAF170, BRAF35 and BRG1; together these factors lead to transcriptional repression [29] [30] [31] . The particular combination of co-factors recruited by REST is dependent on the target locus as well as cell-type, thereby allowing contextspecific REST effects.
Studies by a number of groups including our own have used a variety of methodologies to identify REST target genes, giving us a comprehensive knowledge of RE1-containing genes in both the mouse and human genomes, with many experimentally validated to show recruitment of REST in particular cellular contexts [24, [32] [33] [34] [35] [36] . In particular, the large, conserved RE1 has greatly facilitated bioinformatics approaches to REST target discovery; a task impossible for the vast majority of transcription factors whose known DNA-binding motifs are too short and thus too numerous in the genome for this type of approach [35, 37] . At present, there are as many as 2000 putative REST targets based on RE1 sequences (both canonical and non-canonical) or REST occupancy (adjudged by ChIP). Furthermore, many RE1s are found in genes important for neuronal function, including synaptic transmission, and many of these target genes are dysregulated either in HD patients or in mouse models of HD, including Bdnf . Thus, REST has the potential to regulate large cohorts of genes when recruited to these loci, although only a subset of these predicted targets are functionally repressed in any given cell-type.
Htt, REST and BDNF expression
The medium spiny striatal neurons that are preferentially lost in HD require trophic support in the form of BDNF that is made by cortical neurons and transported to the striatum via cortico-striatal afferents [38] . In 2001, using mouse models of HD, Zuccato et al. [13] showed that Htt positively regulates expression of the BDNF gene via the Bdnf promoter II while mutHtt led to reduced levels of BDNF. They subsequently showed that wild-type Htt in neural cells sequesters REST in the cytoplasm, preventing REST repression of BDNF via recruitment to an RE1 in the Bdnf promoter II [14] ( Figure 2A) . Importantly, the presence of mutHtt leads to reduced interaction between mutHtt and REST, nuclear levels of REST subsequently increase and levels of BDNF correspondingly decrease ( Figure 2B ). Later evidence from a second group showed that Htt in fact interacts with REST indirectly in a complex containing dynactin p150 glued , RILP (REST-interacting LIM domain protein) and REST [39] . Furthermore, in neuronal cells the addition of HAP1 (Httassociated protein 1) to this complex acts to retain REST in the cytoplasm [39] .
These data have revealed an intriguing mechanism by which loss of normal Htt function can lead to aberrant RESTmediated repression of BDNF expression in neurons that subsequently leads to a loss of trophic support, leaving striatal neurons vulnerable in HD [38] . However, as discussed above, REST has a large number of neuronal target genes thus raising the question of whether elevated levels of nuclear REST in neuronal cells in HD has a more widespread effect on the neuronal transcriptome.
Widespread REST-mediated gene dysregulation in HD
The 2003 study of Zuccato et al. [14] provided the first evidence that there was indeed a more global role for this Htt/REST mechanism of neuronal gene regulation in HD. In addition to decreased levels of BDNF, they reported decreased mRNA levels of other RE1-containing genes in the presence of mutHtt whose levels were increased following overexpression of wild-type Htt; these genes included synapsin 1 (Syn1) and cholinergic receptor nicotinic beta polypeptide 2 (Chrnb2) [14] . Importantly, these two genes also showed reduced expression in HD post-mortem samples [14] . This was followed up by a comprehensive study using ChIP analyses to detect REST occupancy at RE1 targets in both HD cell models, mouse models of HD and in human post-mortem HD samples from the parietal cortex [10] . Increased REST occupancy of large numbers of RE1-containing genes is associated with HD and leads to a down-regulation of gene transcription. Strikingly, this increased REST-mediated repression of target genes also occurs in mice depleted of normal Htt in the absence of mutHtt and is dose-dependent [10] . Thus LOF mechanisms are likely to contribute to HD pathology together with GOF brought about by toxic effects of mutHtt, and mutHtt itself may reduce wild-type Htt levels by sequestration into aggregates [40] . Furthermore, many genes identified from ChIP approaches reveal REST recruitment to a number of genes that may be particularly relevant in the context of other known defects in the HD brain; these include the ornithine aminotransferase mitochondrial precursor gene (OAT) whose role in glutamate synthesis was suggested to correlate with known deficits in the glutamatergic pathway in mouse HD models [10, 41] .
Although HD pathology is often viewed predominantly as affecting populations of neuronal cells, it is of note that nonneuronal populations, both within the nervous system and in non-neural tissues, are also affected. Intriguingly, astrocytes, which greatly outnumber neurons in the adult brain, have been shown to have reduced glutamate transporters in mouse models of HD that could lead to increased neuronal excitotoxicity [42] and it would be interesting to examine any potential role of REST in regulating this process. Outside of the nervous system, there is evidence that increased REST occupancy may underlie some of the non-neuronal defects observed such as those in spermatogenesis in Hdh −/− mice [43] . In this case, 'ChIP-chip' analysis was used to demonstrate that the Ddx25 gene encoding an ATPdependent RNA helicase essential for spermatid development had increased REST occupancy in human HD samples [10] .
So far, it is clear that there are widespread changes to gene expression in HD, particularly to the neuronal transcriptome and that this is due, at least in part, to a loss of Httmediated control of transcription [44] . Moreover, growing evidence supports a key role for REST in this regulation whereby Htt indirectly sequesters REST in the cytoplasm to prevent its repression of RE1-regulated genes whose functions control diverse aspects of neuronal development, function and survival [10, 14] . mutHtt is unable to interact with REST to prevent its nuclear localization, resulting in a global repression of genes critical for neuronal cells including BDNF, a neurotrophic factor implicated in a number of neurodegenerative disorders [45] . However, more recently the proposed disruption to transcriptional regulation in HD has been expanded to include altered expression of ncRNAs (non-coding RNAs) [18, 19] . These include miRNAs that provide post-transcriptional control of gene expression and again REST is a strong candidate as a mediator of altered miRNA expression via loss of Htt/REST interaction.
miRNA targets of REST in HD
miRNAs are produced by a complex synthesis pathway that ultimately results in short, approx. 21 nt, RNAs that associate with the RISC (RNA-induced silencing complex) and lead to silencing of specific target mRNA either via inhibition of translation or degradation of the mRNA [46] . miRNAs show tissue-specific expression and function and a considerable number are specifically expressed in the developing or adult brain [46, 47] . An example is mir-9, an miRNA regulated during embryonic brain development, involved in neuronal/glial differentiation of embryonic stem cells and down-regulated in PS1 (presenilin 1)-knockout mice [48, 49] . More critically from the perspective of neurodegenerative disorders, miRNAs are increasingly being assigned neuroprotective roles and thus when dysregulated may contribute to disease pathology [20] . Many such reports also describe roles not just in neurodegenerative disorders but more specifically in those involving polyQ-mediated pathogenicity [50, 51] .
Recent analyses have shown post-transcriptional regulation of gene expression by miRNAs to be disrupted in HD [18, 19] . Earlier in 2006, studies had already shown REST to regulate a number of miRNAs in both mouse [52] and human [53] and, perhaps not surprisingly, a large number of miRNAs with aberrant expression in HD were found to be REST targets, including mir-9, mir-9* and mir-124 [18] [19] [20] .
Having identified a number of putative REST miRNA targets by mapping computationally predicted REST-binding sites to annotated miRNAs, Johnson et al. [18] showed that several miRNAs were regulated by REST repressor activity in mouse neural cells including mir-29a, mir-132 and mir-135b. These same three miRNAs showed decreased expression in the cerebral cortex of the R6/2 HD mouse model [transgenic for Htt exon 1 with a (CAG) 145 ] [54] as did mir-124 whose downstream targets were correspondingly up-regulated [18] and whose regulation by REST is supported by evidence from other studies [19, 52, 53] . mir-124 is of particular interest since it is responsible for preventing expression of nonneuronal genes in neuronal cells (post-transcriptionally) in obverse contrast to REST's role in repression of neuronal genes (in non-neuronal cells) [52] . Thus, in HD, inappropriate repression of mir-124 due to increased nuclear REST results in a decrease in mir-124 and a consequent increase in expression of mir-124 targets (Figure 3) , ultimately leading to neuronal cells losing aspects of their neuronal identity [55] . Intriguingly, Johnson et al. [18, 20] , also describe brain regionspecific changes in dysregulation of miRNA expression in HD, which is highlighted as one potential explanation for the distinctive neuron-specific loss that is such a characteristic feature of HD.
A bioinformatics exploration of previously published microarray data from the caudate of HD patients [8] has also further illustrated the relationship between targets of REST or mir-124 and the widespread gene expression changes observed in human HD patients [20] . This analysis tested the hypothesis that if REST plays a key role in the dysregulation of large cohorts of genes in HD, genes with an associated RE1 will be enriched in a down-regulated gene-set from HD patients. Concomitantly, targets of mir-124 (itself a target for REST repression), will encounter derepression due to loss of mir-124 and thus should be enriched in those genes up-regulated in HD. In both cases, the results were consistent with the hypothesis: REST targets are significantly enriched in the down-regulated gene fraction and mir-124 targets are significantly enriched in the up-regulated fraction. Despite acknowledged methodological limitations, this type of analysis lends additional credence to the notion of a major role of the Htt/REST transcriptional dysregulation in HD pathology.
Summary
HD is a dominantly inherited, incurable neurodegenerative disease caused by an expanded polyQ tract in the Htt protein.
Despite evidence for neurotoxicity elicited by mutHtt replacing the neuroprotection offered by Htt, the widespread dysregulation of gene expression associated with HD has also been attributed to the loss of normal transcriptional regulation controlled by Htt interaction with a variety of transcriptional regulator proteins. One of these regulators is REST, whose major role is that of a master regulator of neuronal genes, repressing their expression in both nonneuronal and neuronal cells. Neuronal REST is largely sequestered together with Htt in the cytoplasm, but, in the presence of mutHtt, this complex is disrupted and REST migrates to the nucleus, ultimately resulting in aberrant repression of its target genes. In addition to a direct repression of REST target genes, the increase in nuclear REST results in repression of miRNAs and a subsequent increase in miRNA target genes expression. Thus, REST has a bimodal function in the dysregulation of gene expression in HD, resulting in a direct decrease and an indirect increase in expression of distinct cohorts of genes. By increasing our understanding of the underlying mechanisms that govern transcriptional dysregulation in HD, we also open up potential avenues for therapeutic intervention by restoration of affected downstream gene function. Further studies to explore the other transcriptional pathways controlled by Htt together with those described here for REST will prove an invaluable resource in the HD field.
